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A model for the Pockets effect in distorted liquid crystal blue phases 
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Recent experiments have found that a mechanically distorted blue phase can exhibit 
a primary linear electro-optic (Pockels) effect [F. Castles et al. Nature Mater. 13, 
817 (2014)]. Here it is shown that flexoelectricity can account for the experimental 
results and a model, which is based on continuum theory but takes account of the 
sub-unit-cell structure, is proposed. The model provides a quantitative description 
of the effect accurate to the nearest order of magnitude and predicts that the Pockels 
coefficient (s) in an optimally-distorted blue phase may be two orders of magnitude 
larger than in lithium niobate. 
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The discovery and application of new switching modes in liquid crystal devices has driven 
the evolution of flat-panel displays from the simple digital wrist watches of the 1970s and 
1980s to today’s ubiquitous high-dehnition wide-screen televisions.^ Much recent research 
has focused on the electro-optic Kerr effect in blue phase (BP) liquid crystals; most notably, 
Samsung Electronics have used the effect to produce a prototype television.^ Thus, electro¬ 
optic phenomena in liquid crystals in general, and in BPs in particular, are currently of 
considerable applied interest. It was recently discovered that a mechanically distorted BP 
can exhibit a primary linear electro-optic (Pockels) effect in addition to the well known Kerr 
effect.^ This is of signihcance in the context of low voltage electro-optic devices because the 
linear effect necessarily dominates the quadratic Kerr effect at low electric held strengths. 
However, the origin of the effect was not determined in Ref. 3. The purpose of this Letter 
is to propose a theoretical model for the Pockels effect in mechanically distorted BPs which 
can account for the previously reported experimental observations. 

BPs can exist in materials composed of small elongated organic molecules in a tempera¬ 
ture range just below the isotropic liquid phase.^ Of the three BPs that are presently known, 
the two lowest temperature mesophases—denoted BPI and BPII—exhibit three-dimensional 
periodicity in the held describing the average orientation of the molecules’ long axes, whereas 
the highest temperature mesophase—denoted BPIII—appears amorphous.*^ BPI and BPII, 
which are the focus of this Letter, belong to the cubic 0(432) crystal class,^ and may be 
referred to collectively as the cubic BPs. The structures, and hence the optical properties, 
of the cubic BPs are known to be readily modihed by an applied electric held via a num¬ 
ber of mechanisms, including held-induced phase changes,®’^ electrostriction^’®, and a direct 
electro-optic Kerr ehect.^’® These ehects are conventionally interpreted in terms of dielectric 
coupling, though they have also been considered as a result of hexoelectric coupling.®’^®^^^ 
It is the Kerr ehect that has been of particular interest in the context of display devices 
because it operates on a time scale of s, which is much quicker than the time scale 

of held-induced phase changes and electrostriction.^^^^® Further, the ehective Kerr coefficient 
in the BPs is remarkably large compared to conventional materials: values 10^-10^ times 
larger than for nitrobenzene have been reported. 

The Pockels ehect, despite being of considerable technological importance in other 
materials,^® is not usually considered in the context of the BPs. This is because the 
symmetries of the undistorted BP structures are such that the Pockels ehect is forbidden.® 
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Indeed, it was only in a mechanically distorted BP that the Pockels effect was observed;^ 
the distortion reduced the symmetry of the structure to that for which a Pockels effect is 
permitted. Apart from providing a more complete description of this new physical phe¬ 
nomenon, a theoretical description the effect will be useful if one seeks to engineer a BP 
material with an optimized Pockels response for use in devices. 

The Pockels effect in a mechanically distorted cubic BP may be readily described within 
the framework of classical crystal optics by defining a dielectric tensor that is averaged over 
the BP unit cell. In this case, the linear electro-optic behavior is characterized by the Pockels 
tensor (similar to the way in which the quadratic electro-optic behavior is characterized by 
the Kerr tensor, often approximated as a single Kerr constant®’®’^"^’^®). However, while this 
macroscopic approach is of great utility, it says nothing about the underlying physical origin 
of the effect. The natural approach for a detailed analysis of the BPs is a ‘mesoscopic’ 
one, which uses continuum theory but takes account of the sub-unit-cell structure.^ The 
physical origin of the effect is of some interest because it should be entirely different from 
solid crystals and its magnitude will not be subject to the same restrictions. Further, the 
physical origin must be somewhat exotic even within the context of liquid crystal switching 
because the experimental results cannot be accounted for by conventional reorientation of 
the director due to dielectric anisotropy. 

There are two main mechanisms by which an external electric field E can couple to the 
liquid crystal director n: conventional dielectric coupling and ffexoelectric coupling.The 
conventional dielectric coupling is described by a term in the free energy density that is 
oc (E ■ n)^, and its effect must therefore be independent of the polarity, or sign, of E. This 
cannot produce the linear electro-optic switching reported in Ref. 3, where the transmitted 
intensity between crossed polarizers could be different for different polarities of E. On 
the other hand, ffexoelectric coupling,which is described by a term in the free energy 
density that is oc E, can produce effects that depend on the polarity of the applied field; for 
example, a linear electro-optic effect due to ffexoelectricity is known in the chiral nematic 
mesophase.^^ Therefore one is led to consider ffexoelectricity as a mechanism for the Pockels 
effect in mechanically distorted BPs. 

Extensive theoretical investigations concerning the effect of ffexoelectric coupling on 
the structure of the cubic BPs have been reported in Refs. 10-12, and the contribution 
of ffexoelectricity to the Kerr effect has been experimentally and theoretically treated in 
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Ref. 13. Kitzerow has theoretically considered the possibility of polar flexoelectric electro¬ 
optic switching in the cubic BPs in Ref. 7; he argues that, while flexoelectricity leads to local 
director distortions, the polar optical responses from different parts of the cubic structure 
should largely cancel. He concludes that “the flexoelectric effect in BPs is expected to have 
little effect on the held-induced birefringence, if any”.^ This is consistent with the known 
absence of a Pockels effect in the BPs according to classical crystal optics. However, Kitze- 
row’s analysis naturally concerns BPs that are undistorted in the absence of the electric 
field. To develop a model for the Pockels effect in cubic BPs that are mechanically distorted 
in the E = 0 state, I herein build upon and extend Kitzerow’s approach. 

Kitzerow considered^ the effect of the external electric held on the double-twist cylinders 
(DTCs) from which the cubic BPs may ideally be considered to be composed.The well 
known DTC arrangement for BPI is shown in Fig. 1(a). For an undistorted BP subject to 
hexoelectric coupling, Kitzerow argued that: (1) An electric held applied along the axis of a 
DTC will distort the director, but such a distortion will not ahect the birefringence. (2) An 
electric held perpendicular to a DTC axis will modify its ehective birefringence, but this is 
likely to be canceled by another DTC which is also perpendicular to the held.® It remains 
to consider in more detail the ehect of hexoelectricity on the optical properties of a DTC 
for a component of the electric held that is perpendicular to the DTC axis, and to extend 
this picture to a mechanically-distorted BP. 

The director held in a plane that passes through the axis of a DTC is shown in Fig. 1(b). 
This pattern is ehectively the same as that for a portion of the chiral nematic mesophase in 
a plane that contains the helical axis. Fig. 1(c). Patel and Meyer^^ showed that, assuming 
equality of the splay and bend elastic coefficients {Ki = = K), an electric held applied 

perpendicular to the helical axis of a chiral nematic causes the director to rotate uniformly 
about the axis dehned by the held direction. Fig. l(d)&(e). For small E, the angle of rotation 
is given by^^ 




Poe^ 
2ti K 


E. 


( 1 ) 


Here, e = (ci — 63 ) 72 , where Ci and 63 are the splay and bend hexoelectric coefficients 
respectively (using the notation of Ref. 20), and Pq is the helicoidal pitch of the chiral 
nematic. By analogy, for an electric held component that is perpendicular to the axis of a 
DTC, one may expect the director in the plane shown in Fig. 1(b) to rotate in a somewhat 
similar fashion. This general picture is conhrmed in the Supplemental MateriaH*^ using 
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FIG. 1. (a) Schematic diagram of the DTCs from which BPI may ideally be considered to be 
composed.(b) Director pattern in a cross section of a DTC, where the orientation of the 
cylinders denotes the orientation of n. Inset: the effective optical indicatrix associated with the 
DTC. (c) Director pattern for a chiral nematic mesophase in a plane which contains the helical 
axis. (d)&:(e) Director distortions in a chiral nematic mesophase under an electric field applied 
perpendicular to the plane of the diagram.The situation is depicted where Pq > 0 , (ei - 63 ) > 0 , 
and E > 0 corresponds to a field directed into the page. Insets: effective optical indicatrices 
associated with the field-distorted structures. 


a Landau-de Gennes analysis of BPII attributable to Alexander.Although the director 
distortion in the DTC is more complex than the chiral nematic case, the net effect in 
both cases is to rotate the average orientation of the director about an axis defined by the 
perpendicular component of the electric field. The magnitude of the average rotation in the 
DTC is reduced with respect to the chiral nematic case by a factor of three.Thus, for an 
electric field perpendicular to the axis of a DTC, the average rotation of the director may 
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be written 


where the effective ‘pitch’ of the BP is given, to the nearest order of magnitude, by the 
length of the unit cell a. 

One may consider the macroscopic optical properties of a given set of parallel DTCs by 
associating with them an average dielectric tensor e. Ignoring spatial dispersion and absorp¬ 
tion, e is real and symmetric^^ and dehnes an associated ellipsoid—the optical indicatrix— 
via the equation e~^XiXj = 1. For typical materials, an undistorted DTC will be effectively 
positively uniaxial with the long axis of the indicatrix aligned along the DTC axis, as shown 
schematically in the inset to Fig. 1(b). Optically, the result of the net director rotation in¬ 
duced by the held will be to rotate this associated indicatrix, analogous to the chiral nematic 
case^^ indicated in Fig. l(d)&(e). 

In Fig. 2, a schematic model of the hexoelectric electro-optic effect in BPI is built up by 
considering the combined effect of the reorientation of the indicatrices associated with each 
set of parallel DTCs. The case of E and the viewing direction parallel to a two-fold rotation 
axis of BPI is considered, corresponding to the experimental conhguration investigated in 
Ref. 3. As shown in Fig. 2(a)&(b), in this conhguration the electric held is orthogonal to 
one set of DTCs and at 45° to the other two. The slices through the associated indicatrices 
perpendicular to the viewing direction are shown in Fig. 2(c). For an initially undistorted 
cubic BP with no held applied, the indicatrices of each DTC combine to form an overall state 
that is nonbirefringent, as must be the case for a cubic structure in the absence of spatial 
dispersion. Upon application of an electric held. Fig. 2(d), the individual indicatrices rotate, 
but nevertheless again combine to form a nonbirefringent state—as per Kitzerow’s account^ 
and the symmetry arguments of classical crystal optics.®’^® 

The equivalent analysis for a mechanically distorted state is shown in Fig. 2(e)-(h). (In 
the experiments,^ the orientation of the stress with respect to the cubic lattice was typically 
undetermined; the simplest example, where the stress is along a four-fold rotation axis, is 
considered in the Figure.) In the absence of an electric held, the indicatrices now combine 
to describe an anisotropic state. Fig. 2(g), consistent with the strain-induced breaking of 
the cubic symmetry and with the experimentally observed birefringence.^ Upon applica¬ 
tion of an electric held, the net ehect is a rotation of the axis of the distortion-induced 
anisotropy. Fig. 2(h), which is consistent with the experimental observations reported in the 
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FIG. 2. Schematic diagram of flexoelectrically-induced modifications of the optical properties of the 
double twist cylinders in a cubic BP. Tiles (a)-(d) concern an undistorted state, (a) The electric 
field is applied along a two-fold rotation axis, (b) The principal double twist cylinders, viewed 
looking back along the electric field direction, (c) With no electric field, the optical indicatrices 
associated with each set of double twist cylinders combine to give a nonbirefringent state, (d) With 
the electric field applied the individual optical indicatrices rotate, but their combined effect remains 
nonbirefringent, as noted in Ref. 5 . Tiles (e)-(h) concern a mechanically distorted state. Red arrows 
denote the strain, (g) The zero electric field state is now anisotropic, (h) The flexoelectric rotation 
now causes rotation of the net optic axis. 


Supplementary Information of Ref. 3. 

To the nearest order of magnitude, we may approximate that the net rotation of the optic 
axis in the distorted BP is given by Eq. (2). (In fact, the net rotation may be expected to 
be somewhat lower than this because the held is not oriented optimally perpendicular to 
every DTC in the BP. The magnitude of the reduction will probably depend on the specihc 
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orientation of the field with respect to the cubic lattice, but it will not be so large as to 
effect an order of magnitude change and, commensurate with the approximate approach 
considered herein, this reduction is ignored.) Inserting into Eq. (2) the typical approximate 
values e ~ 10 pC/m, ~ 10 pN, a ~ 300 nm, and E ~ 1 V/pm, one obtains 6 ^ ~ 1°, which 
is consistent with the experimental observations. 

The situation shown in Fig. 2 is described within the framework of classical crystal optics 
as follows. Uniaxial stress along a four-fold rotation axis causes the symmetry to be reduced 
O —)■ £> 4 ( 422 ). The Pockels tensor r, which is defined by = rijkE^, has, for £>4 

symmetry, the nonzero matrix components r 4 i = Setting E along the xi axis, and 

the stress along the X 3 axis, the equation for the optical indicatrix is 


( X 


0 


0 


\ (x,\ 


{xi,X2,x^) 0 4 r4i£ Xa = 1 (3) 

'^o 

V 0 r4i£ A j 

where Uq and Ue are the ordinary and extraordinary refractive indices respectively of the 
uniaxial £>4 structure in the absence of an external electric held. For small £, the presence 
of the electric held term describes a rotation of the indicatrix about the xi axis by an angle 
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where An = Ug — Uo is the birefringence and, to arrive at the expression on the right, it is 
approximated that Ug = Ug = n. 

Equating the rotations in Eq. (2) and Eq. (4) gives 

aAn e 


f rsj 


K 


( 5 ) 


This expression links the mesoscopic and macroscopic pictures and provides a metric by 
which the ehectiveness of mechanically distorted BPs as linear electro-optic materials may 
be assessed. For the approximate typical values given above (supplemented with n ~ 1.6), 
one hnds r®’" ~ An x 10“® m/V. In the experiments reported in Ref. 3 it was determined 
that An ~ 10“^, which gives Tbp ~ 10“^^ m/V. This may be compared with LiNbOs— 
which is reported to be the most widely used linear electro-optic material in industry—for 
which the nonzero matrix elements of r range from 0.7x 10-11 m/V to 3x10-11 m/V.27 If 
the BP sample were substantially deformed prior to applying the electric held, in which 



case An ~ 0.1 is reasonable, then an order of magnitude of ~ 10“® m/V appears to be 
achievable. Thus, just as the Kerr coefficient(s) in liquid crystal BPs are remarkably large 
compared to conventional materials, so too may the Pockels coefficient(s) be remarkably 
large; up to ~ 10^ times larger than for LiNbOs. Extensive knowledge exists concerning 
the molecular engineering of the elastic coefficients and flexoelectric coefficients of liquid 
crystals which, using Eq. (5), may now be employed to further optimize the Pockels effect 
in distorted BPs. 

In the above, I have considered the specihc case of BPI with the viewing direction and 
electric-held direction along a two-fold rotation axis, since this was the experimental con- 
hguration investigated in Ref. 3. However, the model may be readily generalized to both 
cubic BPs and to any stress and electric held directions, yet remain quantitatively accurate 
to within an order of magnitude or so. (The corresponding analysis according to classical 
crystal optics would be modihed in such cases; for example, a uniaxial stress along a two-fold 
rotation axis leads to a biaxial state with £> 2 ( 222 ) symmetry, for which three elements of 
the Pockels matrix are nonzero and generally unequal. 

The model is crude in many respects and assumes a number of quite severe approxi¬ 
mations: not least, it ignores completely the regions in between the DTCs. Further, it 
ignores spatial dispersion^® and, as a result, is strictly only valid in the limit that the wave¬ 
length of electromagnetic radiation may be considered to be inhnite with respect to the 
lattice dimension; in particular, the approach ignores natural optical activity,the inher¬ 
ent anisotropy of the cubic structure,linear electro-optic ehects other than the Pockels 
effect which exist on account of spatial dispersion,and all aspects relating to selective 
reflection. Nevertheless, the model adequately establishes that flexoelectricity can account 
for the observation of the Pockels effect in mechanically distorted BPs, provides an intuitive 
picture of the physical origin of the effect in terms of given director distortions, and links 
the fundamental physical parameters (iPi, K^, ci, 63 , etc.) with the macroscopic optical 
properties. 


The author thanks Stephen Morris, Ben Outram, and Steve Elston for useful discussions. 
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